Objective-To assess the influence of inflammatory synovial fluid (SF) on apoptosis of joint and blood neutrophils with particular reference to levels of colony stimulating factors (CSF) contained therein. Methods-Neutrophils were separated from fresh synovial fluid and from peripheral blood by density gradient centrifugation. Apoptosis was assayed by light microscope morphology and DNA degradation. CSFs were assayed using bone marrow bioassay and enzyme linked immunosorbent assays for granulocyte (G-) and granulocyte macrophage (GM-) CSF. Separated neutrophils were cultured in vitro and exposed to: varying concentrations of SF in which CSF levels were measured, recombinant G-CSF and GM-CSF, and hyaluronic acid control solutions. Numbers of apoptotic neutrophils and CSF levels were also measured in fresh SF samples. Results Neutrophils prepared as described above were cultured at 1 x 106 cells per ml in RPMI 1640-10% FCS in 5% carbon dioxide at 37°C. Cultures were performed in 35 mm3 plastic petri dishes and cells prepared for assay as described below. Cell recovery was not affected by the addition of synovial fluid. The effects of co-culture with the following substances was examined:
(1) varying concentrations of autologous and heterologous synovial fluid (0, 25, 50, 75%); (2) recombinant CSFs, G-CSF (Amgen) 2000 pg/ml and GM-CSF (Amgen) 100, 500, 2000 pg/ml (concentration ranges found in inflammatory joint fluid"); (3) purified hyaluronic acid (Sigma) in final concentrations of 0%, 25% (1.25 mg/ml), 50% (2-5 mg/ml) in RPMI 1640.
MEASUREMENTS OF APOPTOSIS
The degree of neutrophil apoptosis in each culture was assessed by both DNA fragmentation and morphology.
DNA fragmentation assay-i x 106 cells per test point were centrifuged in a 1-5 ml microfuge tube for 10 minutes at 1300 rpm. They were resuspended by vortexing in 20 [lI of 10 mmol/l EDTA pH 8-0, 50 mmol/l Tris-HCl pH 8-0, 0.5% w/v sodium lauryl sarkosinate and 0 5 mg/ml proteinase K, and incubated at 50°C for one hour. RNase A was added (10 ,ul of 0-5 mg/ml) and the sample heated at 50°C for a further one hour. Immediately before it was loaded on the gel, the sample was heated to 70°C and 10 ,ul of 10 mmol/l EDTA, 1% low melting agarose, 0-25% bromophenol blue, and 40/o sucrose was added. Samples were loaded onto the dry wells of a 2% agarose gel; electrophoresis was carried out in xl Tris acetate EDTA (50 mmol/l Tris acetate, pH 8-3-1 mmoUl EDTA) at 6 V/cm until the marker dye had run 3-4 cm. Lambda phage DNA digested with Hind III, and DNA prepared from mouse thymocytes which had been aged for 24 hours in RPMI 1640 with 10% FCS were included as molecular weight markers and positive controls, respectively.
Morpholog,-Cytospins were prepared in duplicate at 1 X 105 cells per slide for each test culture and those prepared within three hours of aspiration on 39 separate synovial fluid samples were studied. Slides were stained with Hema-Tek modified Wright stain and apoptotic polymorphs counted under high power view in at least 500 cells. Neutrophils were considered apoptotic if they exhibited the highly characteristic morphological features of chromatin aggregation, nuclear pyknosis, and cytoplasmic vacuolation described and validated previously3 (fig 1) . CSF 
LEVELS
The concentration of CSFs in a number of the synovial fluids used for the culture experiments was measured by a bone marrow colony forming bioassay'9 and also by enzyme linked immunosorbent assay (ELISA) for GM-CSF and G-CSF (Quantikine, British Biotechnology Ltd). ELISA sensitivities were 10-9 pg/ml for G-CSF and 2-8 pg/ml for GM-CSF. These levels were correlated to the degree of neutrophil apoptosis. Similarly, in 28 samples CSF levels were estimated by bioassay and there were no significant differences in levels of apoptotic polymorphs between samples that were bioassay positive (n = 18, mean 0-994; 0-302 SEM) and those that were negative (n = 10, mean 2-7 1; SEM 2-16).
NEUTROPHILS AGED IN CULTURE
Synovialfluid neutrophis-The Effect of added autologous synovial fluidSynovial fluid added in increasing aliquots of 25%, 50%, and 75% replacement for RPMI medium produced a dose dependent enhancement of the effect of aging on apoptosis: significant (p < 0 001) enhancement of apoptosis was seen in the 50% and 75% added synovial fluid cultures (table). In these experiments autologous synovial fluid was used (five RA, two other inflammatory arthritis, and two OA). There was no significant loss of viability after 24 hours in culture (4% trypan blue positive cells), but at 48 hours an unacceptable degree of necrosis was evident (mean 13% trypan blue positive).
Chromatin degradation-Chromatin gels read by a blinded observer revealed 'stepladder' degeneration patterns typical of apoptosis, confirming the results of morphological assessments in all cases (fig 2) .
CSFs and apoptosis of aging neutrophilsLevels of GM-CSF and G-CSF in the added fluid samples bore no relationship to their capacity to promote neutrophil apoptosis: correlation coefficients were all less than r = 0-2 (Spearman rank correlation). By chance, GM-CSF concentrations in the samples used in the table (and figure 3) were less than 100 pg/ml and therefore a strong inhibitory effect on neutrophil apoptosis would not be expected (see below); nevertheless, of the samples used above, those with GM-CSF levels in the 70 pg/ml range were able to promote 24 hour apoptosis of cells to as much as 100% compared with 45% in untreated samples (patient ML: RA). In contrast, some fluids in which GM-CSF was absent produced a more modest effect (79% compared with 41% untreated: patient DW, psoriatic arthritis). In other experiments (see below), fluids with GM-CSF levels well into the inhibitory range were not associated with inhibition of the rate of neutrophil apoptosis. Effect of added autologous and heterologous synovial fluid on apoptosis of peripheral blood neutrophils from patients with arthritis- Figure 3 shows the results of the experiments in which peripheral blood neutrophils from five individual patients were exposed to 50% autologous synovial fluid or 50% heterologous synovial fluids (from two patients with RA, two patients with psoriatic arthritis, and one with OA). Peripheral blood neutrophils aged in culture without synovial fluid undergo significant levels of apoptosis and this was promoted by the addition of autologous synovial fluid and (to a lesser extent) by heterologous synovial fluid. The mean % apoptosis of these untreated blood neutrophils (20-4%) was rather less than that for synovial fluid neutrophils shown in the table (40%).
Effect ofsynovialfluid on promotion ofapoptosis of normal peripheral blood neutrophils- Figure 4 shows the effects of synovial fluid (25%) from 19 donors (five OA, six RA, and eight other inflammatory arthritides: five psoriatic arthritis, one gout, one reactive arthritis, one undiagnosed chronic knee synovitis), or control medium, on cultures of peripheral blood neutrophils from normal subjects. At 24 hours, normal peripheral blood neutrophils aged without synovial fluid showed a mean of 33% apoptosis (median 27%, SEM 4 4), compared with a mean of 58% (median 58%, SEM 6 2) in the cultures with added synovial fluid. The figure shows that normal blood neutrophils were susceptible to the apoptosis promoting effects of synovial fluids of various diagnostic categories. It also demonstrates variability in apoptosis promotion between samples: in four cases (two RA and two psoriatic arthritis) no apoptosis promoting effect was seen. (In two additional cultures 1 00% apoptosis was seen at 24 hours with or without synovial fluid and these were therefore not included in the analysis of synovial fluid effect). Effect of recombinant cytokines-GM-CSF caused dose dependent non-linear inhibition of peripheral blood and synovial neutrophil apoptosis ( fig 5) . G-CSF produced no significant effect on neutrophil apoptosis in 24 hour cultures (n = 7).
Effect of hyaluronic acid-Hyaluronic acid (Sigma), even at 2-5 mg/ml, produced no changes in rates of apoptosis in cultured synovial fluid neutrophils (n = 4).
Discussion
In these studies we examined the hypothesis that persistent inflammatory responses in arthritis may result from inhibition of neutrophil apoptosis by cytokine factors, notably CSFs, in synovial fluid. In fresh synovial fluid samples, small percentages of apoptotic neutrophils were identified, but their frequency was not related to CSF levels found within the sample. In order to examine our hypothesis in a more sensitive system, we induced apoptosis in neutrophils from synovial fluid and peripheral blood aged in culture and studied the effects of added synovial fluid and recombinant cytokines. We have shown, in confirmation of the findings of Savill et al,3 that cultured synovial and blood neutrophils became increasingly apoptotic with time in culture. Unexpectedly, we found that pathological synovial fluid promotes this effect in a dose and time dependent manner. The effect was independent of the concentration or type (G-or GM-) of CSF contained therein and of the source of the target neutrophil, as cells of both autologous and heterologous synovial fluid, and peripheral blood origin were susceptible. The effect of synovial fluid occurred with both heterologous and autologous samples. Human recombinant GM-CSF was found to inhibit blood neutrophil apoptosis, as reported by others;'3 '5 synovial fluid neutrophils were not resistant to this effect. In contrast, G-CSF at concentrations described in synovial fluid" produced no effect on blood or synovial neutrophil apoptosis in vitro. This finding accords with the data of Brach et al,'5 but is at variance with the work of others'3 using human blood neutrophils. We conclude that pathological synovial fluid promotes neutrophil apoptosis despite the presence of potent inhibitors such as GM-CSF. Our data do not exclude the possibility that high concentrations of GM-CSF in synovial fluid could overcome its usual apoptosis accelerating effect, though we have documented no such occurrence.
In the neutrophil, the intracellular machinery driving apoptosis appears quite distinct from that of many other cell types. For example, neutrophil apoptosis is promoted in the presence of protein synthesis inhibitors, '5 suggesting derepression of endogenous inhibitors; increases in cytosol calcium fluxes inhibit rather than initiate cell death as commonly occurs in lymphoid cells.2' The short lived neutrophil can therefore be regarded as primed for apoptosis, the process normally held in check at sites of inflammation by proinflammatory mediators, cytokines, and growth factors such as GM-CSF, which not only activate neutrophils, but prolong their effective life.22 Factors such as those in synovial fluid that promote apoptosis are therefore likely to be restoring a natural tendency, perhaps by acting on inhibitors of apoptosis. The underlying mechanism of the synovial fluid effect might therefore relate to a number ofproperties such as physicochemical constitution, oxidant status, cytokine or mediator effects, protease and inhibitor levels, or immunoglobulin, complement, and immune complex interactions. The considerable variability in apoptosis promoting effect demonstrated between samples of joint fluid from different patients suggests that essential physicochemical constituents are not involved. This interpretation is supported by the lack of effect on neutrophil apoptosis incurred by addition of purified hyaluronic acid. No differences were found between samples from patients taking disease modifying agents, corticosteroids (except in fresh synovial fluid samples as discussed above), or non-steroidal antiinflammatory drugs, rendering unlikely the possibility that the synovial fluid effect relates to drugs.
Promotion of synovial neutrophil apoptosis is likely to be associated with milder synovitis, and raises the possibility that neutrophil apoptosis promoting activity is a general characteristic of inflammatory exudates, designed to contribute to pathways of inflammatory resolution. Further studies are in progress to test this postulate and to identify the mechanism by which synovial fluid influences neutrophil apoptosis.
